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157] ABSTRACT

There is disclosed a bearing member which is enhanced in
toughness without lowering the hardness of a core portion so
as to prevent an instantaneous rupture of the bearing
member, and is excellent in rolling fatigue service life
characteristics. Martensitic Fe-based bearing steel of the
invention contains. by weight. not more than 0.4% carbon.
not more than 2% silicon, not more than 2% manganese. not
more than 5% nickel. 3.5 to 7.0% chromium. at least one of
tungsten and molybdenum an tungsten equivalent defined by

472.1 ({IW]+2{Mo]) of which at least one is 3 to 15%. and not less
(56] Ref Cited than 0.5% but less than 1.1% vanadium. A ratio of Cv/Ceq
glerences Lite is not more than 0.3 where Cv represents a carbon equivalent
U.S. PATENT DOCUMENTS of vanadium defined by 0.2[V]. and Ceq represents a carbon
equivalent of carbide-forming elements defined by (0.063
;gggg g; ig% f’:ﬁep‘?lyak‘mky;t R ?gggiz | Cr]+0.06[Mo)+0.033[ W]+0.2[V]). With this construction.
4358317 11/1987 Abgmngham CLAL wriseerseeen 120/ 1? the precipitation of MC carbides is suppressed. and M,C-
4.659241 4/1987 Bamberger et al. ................ 384/625  type carbides larger in morphology than MC-type carbides
4729872  3/1988 Kishida et al. ...cccovvcrrecnrirecnnn. 420/109  are dispersed in an appropriate amount. thereby enhancing a
4,886,640 12/1989 Gamer, Jr. et al. ..oeeeererveerennn. 420/111  rupture toughness value.
5,030,017 7/1991 Murakami et al. .......oeecmrreennees 384/492
5,084,116 1/1992 Mitamura .....ccoeeeereeeesarerasnees 384/492 7 Claims, 4 Drawing Sheets
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FIG. 1

60
199 TEMPERING 530TC

% 140 O/__o R
“‘; \ 50
UZJF 120 X %(%)
IH —
HE 80 &%
=2 o =
@~ 60 . & Q
e O\o 30 ¥
8> 40 OT
D«
x> 0 -
0 0.5 1.0 1.5
V CONTENT (wt%)
60
260 .
TEMPERING 590C
O
o 2401 >
w Ty,
L 220 50 28
4 O
Qe 200 =
2 /—" 2l ?p
Eg 180 A v & Fa b\ﬁ - 40 no_u%j
= -
< 160 a/ T
=5 30 OF
a 3 140 o
TS AN
120 o\o
0 0.5 1.0 1.5

V CONTENT (wt%)



U.S. Patent Jul. 14, 1998 Sheet 2 of 4
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BEARING STEEL BEARING MEMBER
HAVING EXCELLENT THERMAL
RESISTANCE AND TOUGHNESS

BACKGROUND OF THE INVENTION

This invention relates to bearing steel and a bearing
member suited for use under severe conditions as in a

bearing of a gas turbine engine or the like. and also relates
to a method of producing such a bearing member.

A member. used in a bearing of a gas turbine engine or the
like, has heretofore been made of bearing steel such as AISI
M50 (Cr-Mo-V high-speed tool steel) having excellent ther-
mal resistance.

Recently, a gas turbine has been designed to achieve a
high efficiency. and bearing steel has now been required to
be excellent not only in thermal resistance but also in
durability when used as a bearing member, that is, to have
high rolling fatigue service life characteristics.

There has been proposed one method of enhancing rolling
fatigue service life characteristics of a bearing, as disclosed
in U.S. Pat. No. 4.,659.241, in which a surface of the bearing
is carburized and heat-treated. thereby imparting residual
compressive stresses to the surface. and also increasing
surface hardness and high-temperature hardness, while a
core portion of the bearing not carburized remains
unchanged in composition., and hence has a low carbon
content and excellent toughness. The technique of carbur-
izing a surface of a bearing to thereby impart residual
compressive stresses to the surface is disclosed. for example,
in U. 8. Pat. No. 3.682.519, “MACHINE DESIGN 22nd
Jun. 1972, Pages 59-75”and “Rolling-clement bearings.
particularly Page 69”.

This technique is to suppress the growth of a crack.
formed in the high-hardness surface, by residual compres-
sive stresses imparted to the carburized surface, and also to
suppress the development of a crack in the core portion by
keeping the core portion (i.e.. non-carburized portion) to Jow
hardness and high toughness.

In the above U.S. Pat. No. 4.659,241. it is mentioned that
when Cr-Mo-V bearing steel, which has a lower carbon
content than M50 and which contains (0.11~0.15% carbon.
4.0~4.5% Molybdenum, 4.0--4.25% chromium. 1.1~1.3%
vanadium., 3.2~3.6% nickel. and the balance Fe. is
carburized. a bearing member excellent particularly in roll-
ing fatigue service life characteristics is obtained.

Recently, a high-efficiency design of a gas turbine engine
has been further advanced. As an index representative of a
load on a bearing member, there has been used a DN value
representing the product of a diameter D (mm) of the bearing
member and a rotational speed N (rpm). At present, bearing
members have now been required to be used under condi-
tions in which the DN value is higher, and thus the bearing
members have now been increasingly required to withstand
a high load.

When the DN value increases, a tensile stress develops in
the bearing member, and once a crack develops, the growth
of the crack is fast, so that there is a possibility that the crack
soon grows into a large size.

In the bearing member used under a high-speed. high-load

condition as in a gas turbine engine, when a crack grows into
such a large size. the gas turbine itself may be destroyed,
which may lead to a serious accident.

Therefore, in the bearing member for a gas turbine or the
like, it is most important to prevent the development of such
a large crack. and the bearing member has now been
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required to have higher toughness and particularly a high
rupture toughness value.

In the above-mentioned bearing steel with a lower carbon
content than that of M50, which is carburized to be used as
a bearing member, it is important that the core portion not
carburized should have a high rupture toughness value
(hereinafter referred to merely as “toughness™) in order to
prevent the development of the above large crack.

However, a study by the inventor of the present invention
indicates that when the above-mentioned bearing steel lower

in carbon content than M50 has hardness of about 44 HRC
which is practical hardness of bearing members. it exhibits
toughness of less than bout 60 MPam'/# at best.

As described above, the bearing member used In gas
turbine engine or the like is required not only to withstand
a high load but also to have thermal resistance, and therefore
Crand Mo or W and V are essential for obtaining the thermal
resistance, and it is necessary to enhance the toughness
without degrading the above properties or characteristics
brought about by the basic components of MS0.

The core portion of the bearing member need to have a
sufficient strength to withstand a load acting on the surface
thereof, and therefore it is impossible to use a method of
increasing the toughness while lowering hardness.

Toughness and hardness are the properties contrary to
each other; however, in order to achieve sufficiently-
excellent rolling fatigue service life characteristics under a
condition in which the DN value is high, there is a demand
for a bearing member enhanced in both toughness and
hardness without the sacrifice of one of them.

SUMMARY OF THE INVENTION

With the above problems in view. it is an object of this
invention to provide a bearing member and bearing steel for
forming this bearing member. in which a core portion of the
bearing member is enhanced in toughness while preventing
its hardness from being lowered. thereby preventing an
instantancous rupture of the bearing member, and excellent
rolling fatigue service life characteristics are achieved.

In order to prevent an instantancous rupture of a bearing

member. the inventors of the present invention have con-
ceived a combination of a core portion of high toughness and
a carburized layer of high thermal resistance.

It may be proposed to decrease the hardness or to greatly
reduce the content of carbides. With such a method.

however. the strength and thermal resistance of the core
portion are not satisfactory.

More specifically. it is necessary that the material consti-
tuting the core portion should contain a certain amount of
elements, such as Cr. W and Mo. which form carbides. and
are present in a solid-solution state in the matrix. thereby
increasing the strength.

Therefore. in the present invention, it has been proposed
to control the amount and morphology of MC-type carbides
and M.,C-type carbides, formed in a microstructure of the
core portion-constifuting material, so as to suppress the
growth of a crack.

As a result, the inventors of the present invention have
discovered that the amount of vanadium. forming the
MC-type carbides, has a great influence on the toughness,
and that basically, the growth of a crack is effectively
suppressed when the amount of vanadium is made to be
lower than that of conventional M50 class steel while the
precipitation of the MC carbides is suppressed and when the
M., C-type carbides greater in morphology than the M(C-type
carbides are dispersed in an appropriate amount.
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Namely. in the present invention, it has been discovered
for the first time that not only the ratio of the main con-
stituent elements but also the ratio of the MC-type carbides
to the M,C-type carbides are important, and it has been
discovered that this carbide content ratio can be defined in
terms of the ratio of the carbon equivalent of vanadium (Cv).
which represents an amount of carbon able to be combined
with vanadium, to the carbon equivalent (Ceq) which rep-
resents another amount of carbon able to be combined with
all the carbon-forming elements.

According to one aspect of the present invention, there is
provided martensitic Fe-based bearing steel containing, by
weight, not more than 0.4% carbon. not more than 2%
silicon. not more than 2% manganese, not more than 5%
nickel, 3.5 to 7.0% chromium. at least one of tungsten and
molybdenum and tungsten equivalent defined by ([W]+2
IMo]) of which at least one is 3 to 15%. and not less than
0.5% but less than 1.1% vanadium. a ratio of Cv/Ceq being
not more than 0.3 where Cv represents a carbon equivalent
of vanadium defined by 0.2[V]. and where Ceq represents a
carbon equivalent of carbide-forming elements defined by
(0.063[ Cr]+0.06[Mo]+0.033|W]+0.2[V]). and the bearing
steel being carburized when the steel is used.

In the present invention, Fe is used as the base element,
and C, Ni, Cr. V and at least one of W and Mo are contained
as essential elements in their respective ranges mentioned

above. Other optional elements may be added if necessary.

A more specific. preferred example of the invention is
martensitic Fe-based bearing steel containing, by weight, not
more than 0.1 to 0.3% carbon. not more than 1% silicon. not
more than 1% manganese. 1 to 5% nickel. 3.5 to 7.0%
chromium, at least one of tungsten and molybdenum and
tungsten equivalent defined by ([W])+2[Mo}) of which at
least one is 3 to 12%. and not less than 0.5% but less than
1.0% vanadium.

Part of Fe may be replaced by not more than 10% Co.

A bearing member of the present invention is produced by
forming a carburized layer in part or the whole of a surface
of the above bearing steel of the novel composition.

In the present invention, a core portion of the bearing
member except the carburized portion is reduced in vana-
dium content. thereby controlling kinds and size of carbides
as described later. so that a high toughness value can be
obtained.

In a method of the present invention, a lattice strain is
imparted to the bearing member by a carburizing treatment,
and subsequently a heat treatment is applied to the bearing
member, so that residual stresses can be imparted to the
carburized layer by transformation stresses and thermal
stresses.

The hardness of the surface having the carburized layer
formed therein, as well as the hardness of the core portion.
can be adjusted by conditions of the heat treatment (i.c..
quenching and tempering treatments) effected after the car-
burizing treatment.

One major feature of the present invention is that when
the hardness of the core portion is adjusted to a predeter-
mined value by this heat treatment in order to keep the basic
strength, the bearing member of the invention becomes far
higher in toughness than the conventional bearing members.

In the present invention, particularly in a case where the
bearing member is required to have an increased strength
depending on its use, the hardness of the core portion is
adjusted to not less than S0 HRC. Preferably, this hardness
is kept to be in the range of 50 to 58 HRC.
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In a case where increased toughness is required, the
hardness of the core portion is adjusted to the range of

between 38 HRC and 50 HRC in order to keep sufficient
hardness of the core portion.

Preferably, the hardness of the surface having the carbur-
ized layer formed therein should be not less than 58 HRC in
order to enhance rolling fatigue service life characteristics,
and more preferably this hardness is not less than 60 HRC.

As described above, in the present invention, the precipi-
tation of the MC carbides in the core portion is suppressed.
and the M,C-type carbides greater in morphology than the
MC-type carbides are dispersed in an appropriate amount 1n
the structure, thereby suppressing the growth of a crack in
the bearing member.

Therefore. in the present invention. not only the ratio of
the main constituent elements but also the ratio of the
MC-type carbides (which are composed predominantly of
V() to the M,C-type carbides are important.

In the present invention, it has been found that when the
ratio of Cv/Ceq is kept to be not more than 0.3, the content
ratio of the MC-type carbides to the M,C-type carbides is
made optimum.

This content ratio is expressed in terms of the ratio of the

carbon equivalent (Cv) of vanadium to the carbon equivalent
(Ceq) able to be combined with all the carbide-forming
clements.

In a case where the value of Cv/Ceq is more than 0.3.
electron-beam diffraction patterns of the MC-type and M. (-
type carbides are positively detected in the secondary hard-
ening precipitation of the tempered structure of the core
portion, and thus the clear presence of the MC carbides is
confirmed. In contrast, in another case where the value of
Cv/Ceq is less than 0.3, the diffraction pattern of the
MC-type carbides are recognized locally. and the M,(C-type
carbides are predominant in the structure. In the present
invention. the M,C-type carbides, which are highly effective
in suppressing the growth of a crack. are kept. When the core
portion of the bearing member of the invention 1s adjusted
by quenching and tempering into the predetermined
hardness, it exhibits much higher toughness than conven-
tional M50-based steel (which is carburized in use) adjusted
to the same hardness.

One of the most important elements for keeping the above
structure is vanadium (V). Vanadium is a strong carbide-
forming element, and when a large amount of vanadium is

present in a composition with a low carbon content, most of
the carbon are combined with the vanadium to form a

MC-type carbide.

In such a case, even if Cr, W and Mo, which are lower in
energy of bonding to carbon than vanadium, are added in a
large amount, a sufficient amount of M,C-type carbides
capable of preventing the growth of a crack can not be
present in the structure. As a result, the toughness of the core
portion of the bearing member can not be increased.

Therefore, it is necessary to limit an upper level on the
amount of vanadium., and in the present invention. the
amount of vanadium is less than 1.1%.

If the amount of Cr and W or Mo is small though the
vanadium content is less than 1.1%. the M(C-type carbides
composed predominantly of MC are present in a larger
amount, so that a sufficient amount of the M ,C-type carbides
enhancing toughness may not be obtained.

Therefore, in the present invention, the value of Cv/Ceq
is kept to be not more than 0.3 as described above, thereby
limiting the amount of vanadium relative to the total amount
of the carbide-forming elements.
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In the present invention, the lower limit of the vanadium
content is 0.5%.

If the vanadium content is less than 0.5%. enhanced
thermal resistance (which is a basic nature of a high-speed
tool steel composition in a carburized layer) achieved by the
addition of vanadium (, that is, characteristics by which the
surface hardness is maintained even 1n temperature rise
when the steel is used as a bearing) is degraded though

toughness is high. so that the rolling fatigue service life
characteristics are degraded. This is not desirable. Similarly.

vanadium is essential for maintain the hardness of the core
portion at high temperatures to ensure the strength.

Therefore, it has been decided that the lower limit of the
vanadium content is 0.5%.

The reasons for determining the amounts or contents of
other elements than vanadium will be explained below.

Carbon (C) is the next to vanadium in importance. and is
an element which determines the basic toughness and hard-
ness of the bearing steel carburized in use. Carbon causes
quenching hardening through a martensite transformation to
thereby increase the hardness. Carbon is also the austenite
stabilizing element., and has the effect of suppressing the
formation of O ferrite, adversely affecting the toughness.
when the steel is heated to an austenitizing temperature. In
contrast., if the carbon content is too high. the hardness
becomes too high. so that the toughness is lowered.

In the present invention. the bearing steel is carburized
when it is used. and therefore it is most important to keep the
toughness of the core portion not carburized, and it has been

decided that the upper limit of the carbon content is 0.4% so
as to prevent the lowering of the toughness due to an
excessive amount of the resulting carbides. Preferably, the

carbon content 1s not less than (0.1% in order to suppress the
formation of  ferrite. A preferred range. which can suppress

the formation of the o ferrite without excessively lowering
the toughness. is 0.1~0.3%.

Chromium (Cr) is present in a solid-solution state in both
the matrix and the carbides, and is effective in keeping the
quenching capability of the matrix, promoting the solid
solution of carbide into the matrix at the time of quenching,
and making the hardness of the carburized surface high.
Chromium is important for keeping the basic thermal resis-
tance of the high-speed tool steel composition obtained after
carburization. If the chromium content is less than 3.5%. the
toughness after quenching and tempering is lowered, and
therefore it has been decided that its lower limit is 3.5%. If
more than 7.0% chromium is added, the o ferrite is
stabilized, so that the toughness is markedly degraded.
Therefore. the chromium content should be not more than
7%.

Tungsten (W) and molybdenum (Mo) achieve the same
effects. and more specifically enhance the hardness of the
carburized portion of the bearing member, and impart ther-
mal resistance. One or both of the two elements are added.
By weight, 1% Mo is equivalent to 2% W, and these are
defined by the tungsten equivalent (W+2Mo). Tungsten or

molybdenum, when carburized., forms a fine M C-type
carbide to form the hard carburized layer. Besides. the fine

carbides prevent austenite crystal grains from becoming
coarse. and therefore tungsten and molybdenum are effec-
tive in keeping the toughness.

However, although the hardness of the carburized portion
is increased with the increase of the tungsten equivalent, the
core portion not carburized is also increased in hardness, so
that the speed of growth of a crack becomes higher.

If the tungsten equivalent is too high. the o ferrite is
stabilized, thereby adversely affecting the toughness.
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In the present invention, the tungsten equivalent is not less
than 3% in order to achieve a sufficient surface hardness for
the bearing member, and the upper limit of the tungsten
equivalent is 15% in order to keep the sufficient toughness.

The preferred upper limit is 12%.

In the composition of the bearing member of the
invention. as other carbide-forming elements than
vanadium, the above Cr and Mo or W are added. Cr. Mo or
W forms the M,C-type carbide in the bearing member core
portion having a low carbon content, as described above.

Therefore, the addition of Cr, Mo or W is essential in
order to suppress the formation of the MC-type carbides,
composed predominantly of V, to thereby keep the tough-
ness of the core portion of the bearing member, and it is

necessary to keep the above lower limit or more of these
elements so as to ensure the presence of the M,C-type

carbides.

Therefore, in the present invention. attention has been
directed to the carbon equivalent Cv of vanadium (which
represents the carbon amount calculated by Cv=0.2[V])
consumed in V of which the MC-type carbides are predomi-

nantly composed. and the carbon equivalent Ceq (which
represents the carbon amount calculated by Ceq=0.063|Cr]

+0.06[Mo]+0.033|W]+0.2[V]) consumed in the carbide-
forming elements Cr, Mo, W and V.

More specifically, the M,C-type carbides. which are
larger in size and faster in growth than the MC-type
carbides, are precipitated to serve to stop the growth of a
crack. In other words. in the present invention, the M, C-type
carbides are adopted in preference to the MC-type carbides.
Therefore, in the present invention, Cv/Ceq =0.3 in terms of
the carbon equivalent is adopted, and thus Ceq is larger than
Cv

In the present invention, there is adopted the composition
range having a low carbon content on the order of not more
than 0.4 and preferably not more than 0.3% because carbon
is apt to cause O ferrite adversely affecting the toughness.
Also, in the present invention, there is adopted the compo-
sition range containing a large amount of each of (Cr, Mo and
W (3.5~7.0% Cr and 3~15% of at least one of Mo and W in
terms of the tungsten equivalent) stabilizing 6 ferrite.

Therefore, in such a composition system, it is essential to
suppress the formation of the o ferrite.

In the present invention, nickel (Ni) is added in order to
suppress the formation of the o ferrite.

Nickel is one of the most important elements for sup-
pressing the formation of the § femrite so as to keep the
toughness of the bearing member of the present invention.

Nickel is quite important in suppressing the formation of
the O ferrite. and also in enhancing the toughness when the
amount of addition thereof is increased,

Nickel also achieves the effect of bringing about gradual
change of the hardness of the carburized surface, and

therefore is effective in enhancing the rolling fatigue service
life characteristics.

However. if the nickel content is more than 5%. a A,
transformation point is lowered. and the annealing hardness
is increased. thereby adversely affecting the machinability of
the bearing material. Therefore, this content is not more than
5%. A preferred range thereof is not less than 1%, and a more
preferred range is not less than 2% but not more than 5%.

Silicon (8i) is added as a deoxidizing element and also in
order to enhance the hardness and heat resistance. However.
if the amount of addition is more than 2%. the toughness is
adversely affected. and therefore its upper limit 1s 2%.
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Manganese (Mn) serves as a deoxidizing element, or
precipitates as MnS to suppress an adverse effect of S
contained as an impurity. In contrast. if this content 1s more
than 2%, the toughness is adversely affected. and therefore
its upper limit is 2%.

Cobalt (Co) is mainly present in a solid-solution state in
the matrix to enhance the hardness and thermal resistance.
However, as this content is increased, the strength and
toughness gradually decrease. It is preferred that this ele-
ment be added particularly in a case where a bearing
member is required to have high hardness.

The addition of more than 10% cobalt excessively
degrades the toughness. so that the steel is not suited for a
bearing member. Therefore. its upper limit is 10%.

Another element that can be added in the present inven-
tion is niobium (Nb). This element is effective in making the
alloy structure fine.

If niobium is added in an excessive amount, the hardness
increases. so that the speed of growth of a crack becomes
high. Therefore. the amount of niobium. if added. should be
not more than 0.5%.

A specific example of bearing steel of the invention
containing niobium contains, by weight. not more than
0.1~0.4% carbon. not more than 2% silicon. not more than
2% manganese, not more than 5% nickel, 3.5 to 7.0%

chromium. at least one of tungsten and molybdenum and
tungsten equivalent defined by (JW]+2{Mo]) of which at

least one is 3 to 15%. not less than 0.5% but less than 1.1%
vanadium, not more than 0.5% niobium. and the balance
iron. wherein Cv/Ceq =0.3 is satisfied as described above.

When the bearing steel of the present invention satisfies
the above requirements, the hardness of the carburized layer
is not less than 58 HRC. and the hardness of the core portion
except the carburized portion is less than 58 HRC.

A roller bearing shown in FIG. 7 is a specific example of
the bearing provided with the bearing member(s) embodying
the invention. which FIG. 7 is viewed in an axial direction
of the bearing. The bearing member of the invention may be.
for example. an outer race (1) and/or an inner race (2) shown
in FIG. 7.

When there is used the bearing member-producing
method of the present invention in which the bearing steel is
subjected to the carburizing treatment and subsequently to
quenching and tempering, it becomes possible to make
compressive stresses remain in the surface. In this compres-
sive stress field. the growth of a crack at the surface can be
suppressed, and also the growth of a crack in the core portion
can be prevented because of the most important feature of
the present invention that the core portion has high tough-
ness. Therefore, the rolling fatigue service life characteris-
tics of the bearing member can be markedly enhanced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing the relation between a
vanadium content of samples tempered at 530° C. and a
rupture toughness value, as well as the relation between the
vanadium content and the hardness of a core portion;

FIG. 2 is a diagram showing the relation between a

vanadium content of samples tempered at 590° C. and a
rupture toughness value, as well as the relation between the

vanadium content and the hardness of a core portion;

FIG. 3 is a diagram showing the relation between a
vanadium content of samples tempered at 530° C. and a

Charpy impact value;
FIG. 4 is a diagram showing the relation between a

vanadium content of samples tempered at 59%° C. and a
Charpy impact value;
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FIG. § is a diagram showing the relation between a
vanadium content of samples tempered at 530° C. and a
rolling fatigue service life, as well as the relation between

the vanadium content and the hardness of a carburized
surface: and

FIG. 6 is a diagram showing the relation between a
vanadium content of samples tempered at 590° C. and a
rolling fatigue service lite, as well as the relation between

the vanadium content and the hardness of a carburized
surface.

FIG. 7 is a partly sectional view of a roller bearing
provided with the bearing members embodying the Inven-
tion used as an inner race and/or an outer race.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

EXAMPLE 1

Materials, having respective compositions (having differ-
ent vanadium contents) shown in Table 1, were melted and
prepared by a vacuum melting method.

Each of the thus prepared materials was forged by hot
working to provide a sheet material with a cross-sectional
size of 22 mm’47 mm which corresponds to bearing steel of

the present invention. Test pieces for a rupture toughness test
were taken from each sheet material.

Also, each of the above prepared material was drawn by
hot working to provide a round bar with a diameter of 22 mm
which corresponds to bearing steel of the present invention.
Test pieces for a 2 mm U-notch Charpy impact test were
taken from each round bar.

The thus obtained rupture toughness test pieces and
Charpy impact test picces were quenched at 1,100° C.
without carburization, and was subjected to tempering in
which the test pieces were maintained at 530° C. for one
hour, then cooled by the air, then heated to 530° C. again,
maintained at this temperature for one hour, and then was
cooled by the air. Another group of samples of the test pieces
were prepared by a similar heat treatment in which a
tempering temperature was changed to 590° C. These
samples were prepared for evaluating characteristics or
properties of core portions of bearing members.

Using these test pieces. the rupture toughness value. the
hardness corresponding to the hardness of the core portions
after carburization, and the Charpy impact value were mea-
sured at room temperature.

The above conditions correspond to the conditions of
quenching and tempering after the carburizing treatment.
and serve to evaluate the relation between the hardness of
the core portion of the bearing member and the toughness
thereof. A o ferrite area (%) in a microstructure is shown in
Table 1, and in all of Sample Nos. 1 to 3 of the present
invention. no o ferritc more than 0.1% area (which is an
observable limit) was present.

In all of Sample Nos. 1 to 3 of the invention, as well as
both of Comparative Sample Nos. 4 and 5. the carbon
content is in the low range defined by the present invention,
and the tungsten equivalent (W+2Mo) is higher as compared
with the conventional bearing steel. In this case, the O ferrite
is liable to be formed; however, around 3.4% niobium 1s
added in each of these samples, and this greatly serves to
prevent the formation of the o ferrite.

On the other hand. in Sample No. 6 whose vanadium
content is much higher than that defined by the present

invention. the presence of the & ferrite can be confirmed.
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This indicates that if the amount of addition of vanadium is
excessive, the toughness is lowered by the formation of the
o ferrite.

10

into the range defined by the present invention, the diffrac-
tion image indicative of the MC-type carbides is recognized

only locally, and it was judged that a large proportion of the

TABLE 1
COMPOSITION (wt %) o FERRITE

Noe C Si Mn Ni Cr W Mo V Co Nb W+2Mo Fe Ceq Cv CviCeq AREA% NOITE

1 013 021 023 344 421 — 425 052 — — 8.50 Bal. 062 0.10 0.17 <1 STEEL OF THE
INVENTION

2 014 019 024 341 425 — 426 083 — — 8.52 Bal. 0.69 0.17 024 <0.1 STEEL OF THE
INVENTION

3 013 017 021 34 420 — 422 106 — — 8.44 Bal. 073 021 0.29 <0.1 STEEL OF THE
INVENTION

4 013 022 023 343 418 — 420 122 — — 8.40 Bal. 076 024 032 <0.1 COMPARATIVE
STEEL

5 013 022 024 339 420 — 426 005 — — 8.52 Bal. 053 001 002 <0.1 COMPARATIVE
STEEL

&6 013 021 022 335 421 — 424 162 — — 8.48 Bal. 084 032 03B 4.6 COMPARATIVE
STEEL

FIG. 1 shows the rupture toughness value and the hard-
ness of the core portion with respect to the samples of the
invention and comparative samples whose tempering tem-
perature was 530° C.

FIG. 2 shows the rupture toughness value and the hard-

ness of the core portion with respect to the samples whose
tempering temperature was 590° C. In each of FIGS. 1 and

2, two curves represent the two characteristics or properties
indicated by relevant arrows. respectively.

From FIG. 1, showing a change of the rupture toughness
value of the samples whose tempering temperature was 530°
C. and FIG. 2 showing a change of the rupture toughness
value of the samples whose tempering temperature was 590°
C.. it will be appreciated that each of these rupture toughness
values is markedly improved from a point corresponding to
Sample No. 3 of the invention (in which the vanadium
content is 1.06% with Cv/Ceg=0.29) to a region where the
vanadium content is lower with the lower value of Cv/Ceq.
As shown in FIGS. 1 and 2., the hardness at this time is
hardly changed. This indicates that the toughness can be

increased while keeping the strength generally at the same
level, by making the amount of carbon consumed in MC

smaller as compared with the amount of carbon consumed 1n
other M,C-type, that is. by lowering the value of Cv/Ceq.

FIG. 3 shows a change of the Charpy impact value of the
samples whose tempering temperature was 530° C.. and
FIG. 4 shows a change of the Charpy impact value of the
samples whose tempering temperature was 590° C. As will
be appreciated from FIGS. 3 and 4, the Charpy impact value,
like the rupture toughness value, is markedly improved from
a point corresponding to Sample No. 3 of the invention (in
which the vanadium content is 1.06% with Cv/Ceq=0.29) to
a region where the vanadium content is lower with the lower
value of Cv/Ceq.

Thus. it is quite advantageous also from the view point of
the impact value to set the value of Cv/Ceq to not more than
0.3 so as to keep the toughness of the core portion of the
bearing member,

An attempt was made to identify the kind of the carbides
of the tempered structure through an electron-beam diffrac-
tion by a transmission-type electronic microscope. As a
result. in Sample No. 4 whose vanadium content is higher
than the range defined by the present invention, diffraction
images of both MC-type and M,(C-type carbides were rec-
ognized; however, as the vanadium content was decreased
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structure was occupied by the M,C-type carbides.
Therefore, it was judged that the toughness of the bearing
member of the invention is enhanced by causing the M,C-

type carbides to occupy a large proportion of the structure.

Upon evaluating the hardness of the samples whose
tempering temperature was 590° C.. the hardness of Sample
No. 2 of the invention was 39.6 HRC, the hardness of
Comparative Sample No. 4 with a higher vanadium content
was 40.2 HRC. and the hardness of Comparative Sample
No. 5 whose vanadium content was lower than the range
defined by the invention was 33.5 HRC, as shown in FIG. 2.
Thus, it is appreciated that the addition of vanadium is
necessary for keeping the high-temperature hardness.

Therefore, it is necessary to determine the proper lower
limit of the vanadium content, and as will be appreciated
from a change of the hardness (FIG. 2) of the samples whose
tempering temperature was 590° C.. if not less than 0.5%
vanadium is added. the influence of the amount of vanadium
on the hardness is decreased. which i1s desirable.

Next. in order to cvaluate rolling fatigue service life
characteristics of carburized bearing members. round bars
with a diameter of 22 mm were prepared according to the
same procedure as described above for the test pieces for the
2 mm U-notch Charpy impact test. and then test pieces with
a diameter of 22 mm and a length of 22 mm were taken from

these round bars.

In order to evaluate carburized bearing members. each of

these rolling fatigue test pieces was carburized to a depth of
2~3 mm at 950° C. for 48 hours, and as described above for

the Charpy test pieces and the rupture toughness test pieces,
one group of test pieces were tempered at 530° C. and the
other group of test pieces were tempered at 590° C.. and the
surface of each test piece was shaved in an amount of 0.5
mm, and then the shaved test pieces were subjected to the
rolling fatigue test.

The purpose of thus removing the outer surface layer from

the test piece is to remove the layer containing a large
amount of a residual austenitic structure of low hardness

which is formed during the carburization.

When residual stresses in the surface were measured by
X-ray diffraction. it was confirmed that compressive stresses
of not less than —100 MPa were present in all of the samples.

With respect to the test conditions, the test was conducted
at 210° C.. the maximum Hertz pressure of 4.8x10N/mm?*
and a rotational speed of 10,000 rpm, and the evaluation was
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made with 110 (10% cumulative non-loss factor) service
life. More specifically, L10 means a service life at which ten
out of a hundred of test picces remain not damaged by
defects such as flaking and etc. at a rolling surface.

FIG. 5 shows the rolling fatigue service life characteristics
and the hardness of the carburized surface (from which the
very thin outermost layer was removed) with respect to the
samples tempered at 530° C.. and FIG. 6 shows the rolling
fatigue service life characteristics and the hardness of the

carburized surface (from which the very thin outermost layer

was removed) with respect to the samples tempered at 590°
C

As will be appreciated from FIGS. 5 and 6. the rolling
fatigue service life is prolonged when the amount of addition

12

mum when the vanadium content is in the range of from
0.5% to 1.1%.. and therefore it is preferred that the vana-
dium content is 0.5~1.1%. and more preferably not more
than 1.0%.

EXAMPLE 2

Materials, having respective compositions (having differ-
ent vanadium contents) shown in Table 2. were melted and
prepared by a vacuum melting method. and according to the
same procedure as described above for Example 1. a rupture

of vanadium goes below 1.1%. so that the highly-reliable . {oughness value. the hardness of core portions. a Charpy
bearing members can be obtamt?d. . impact value. the hardness of a carburized surface. and a
When the vanadium content is less than 0.5% which is line fafi e 1if aluated.
outside the range defined by the present invention, the rofiing fahigue service lic were cvallale
hardness of the carburized surface decreases. and also the
rolling fatigue service life is shortened. 0 Table 3 shows results of evaluation of those samples
, 'glhlsi sho;ter:led mu?lﬂgl fmﬁ Sefz icsr}:ifﬁ i;‘it“; mtt mt]hly tempered at 530° C. Table 4 shows results of evaluation of
o the low hardness of the urized surface but also to the o
fact that the amount of vanadium essential for keeping heat those samples tempered at 590 C.
resistance of high-speed tool steel is not sufficient.
In both groups of samples tempered at 530° C. and 590° Sample No. 2 of the invention described in Example 1 is
C.. respectively, the rolling fatigue service life is the maxi- shown in Tables 3 and 4.
TABLE 2
COMPOSITION (wt %) 5 FERRITE
W+
No C Si Mn Ni Cr W Mo vV Co Nb 2Mo Fe Ceq Cv CviCeq AREA% EREMARK
2 0.14 019 024 341 425 — 426 083 — — 852 Bal 069 017 024 <0.1  STEEL OF THE
INVENTION
7 020 018 023 343 423 — 424 081 — — 848 Bal 068 016 024 <0.1  STEEL OF THE
INVENTION
8 033 018 025 342 424 — 419 080 — — 838 Bal 068 016 024 <0.1  STEEL OF THE
INVENTION
9 013 020 023 343 502 — 420 082 — — 840 Bal 073 016 022 <0.1  STEEL OF THE
INVENTION
10 020 021 022 339 508 — 422 082 — — 844 Bal 074 016 0.22 <0.1  STEEL OF THE
INVENTION
11 013 019 020 340 510 — 251 08 — — 502 Bal 063 016 0.26 <0.1  STEEL OF THE
INVENTION
12 020 019 020 343 507 — 250 082 — — 500 Bal 063 016 026 <0.1  STEEL OF THE
INVENTION
13 018 G192 020 341 610 — 253 08B0 — — 506 Bal 070 0.16 0.23 <0.1 STEEL OF THE
INVENTION
14 0.17 020 021 340 419 — 59 079 — — 1198 Bal 078 016 020 <0.1  STEEL OF THE
INVENTION
15 013 021 022 341 415 411 202 08 — — 815 Ba 068 016 024 <0.1  STEEL OF THE
INVENTION
16 0.12 020 024 343 416 705 — 08 — — 705 Bal 066 016 0.25 <0.1  STEEL OF THE
INVENTION
17 012 017 020 342 420 — 422 082 711 —  B44 Bal 068 0.16 0.24 <0.1  STEEL OF THE
INVENTION
18 013 019 021 412 422 — 420 078 — _— 840 Bal 067 016 0.23 <0.1 STEEL OF THE
INVENTION
19 0.12 019 023 341 423 — 421 082 — 0065 842 Bal. 068 016 0.24 <0.1 STEEL OF THE
INVENTION
20 013 0.8 022 202 425 — 428 080 — — 856 Bal 068 016 0.24 <0.1  STEEL OF THE
INVENTION
21 013 019 022 — 426 — 429 084 — — 858 Bal 069 0.17 0.24 40.1  COMPARAIIVE
STEEL
22 013 0.18 024 340 307 — 425 083 — — 85 Bal 062 017 027 <0.1  COMPARATIVE

S TEEL
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TABLE 3
TEMPERING AT 530° C.
RUPTURE TOUGH- 2U CHARPY SURFACE  ROLLING FATIGUE
CORE PORTION NESS VALUE IMPACT VALUE HARDNESS SERVICE LIFE

No HARDNESS HRC MPam!" Jem? HRC L10 x 10° cycle  NOTE

2 44.0 110 120 64.1 110 STEEL OF THE INVENTION

T 50.4 &0 35 63.9 100 STEEL OF THE INVENTION

8 53.8 40 20 64.0 9 STEEL OF THE INVENTION

9 45.2 68 200 64.2 99 STEEL OF THE INVENTION
10 50.5 S0 28 64.1 101 STEEL OF THE INVENTION
11 44,2 107 105 63.8 105 STEEL OF THE INVENTION
12 48.4 71 120 64.0 104 STEEL OF THE INVENTION
13 46.2 0 130 64.0 101 STEEL OF THE INVENTION
14 47.2 47 30 64.1 95 STEEL OF THE INVENTION
15 43.2 108 48 63.9 105 STEEL OF THE INVENTION
16 42.8 103 43 64.0 q7 STEEL OF THE INVENTION
17 46.2 98 87 63.8 99 STEEL OF THE INVENTION
18 43.0 130 135 63.5 95 STEEL OF THE INVENTION
19 42.8 101 89 63.4 93 STEEL OF THE INVENTION
20 42.1 84 04 63.8 98 STEEL OF THE INVENTION
21 25.0 15 14 64.2 5 COMPARATIVE STEEL
22 45.3 63 64 63.2 84 COMPARATIVE STEEL

As shown in Table 2, Sample Nos. 7 and 8 of the invention
have generally the same composition as that of Sample No.
2 except that the carbon content of the former is higher.

As shown in Table 3, as compared with Sample No. 2,
Sample Nos. 7 and 8 are higher in hardness of the core
portion, but are lower in rupture toughness. Therefore, to
simply increase the carbon content is effective when the
strength has preference to the rupture toughness.

Incidentally, when the tempering temperature increases,
the hardness is lowered while the toughness can be
increased. With respect to Sample No. 7 with the higher
carbon content tempered at the higher temperature of 590°
C.. it will be appreciated from Table 4 that the hardness of
the core portion of Sample No. 7 is 46.4 HRC and that the
rupture toughness value is 132 MPam'/*2,
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This hardness and this rupture toughness value are both 40

higher than those of Sample No. 2 in Table 3, respectively.

compared with the case where the carbon content is lower,
and by doing so, the high strength and the high toughness are
compatible with each other. and this is desirable for the

bearing member.

Sample No. 8§ with the carbon content of 0.33%. though
tempered at the higher temperature of 590° C.. failed to
achieve the rupture toughness value obtained with Sample
No. 2 of Table 3. This indicates that it is preferred that the

carbon content should be not more than (0.3%.

Sample Nos. 9 and 10 of the invention with a higher
chromium content than that of Sample No. 2 of the invention
are higher in hardness than Sample No. 2. and are slightly
lower in rupture toughness than Sample No. 2.

Sample No. 11 of the invention, higher in chromium
content but lower in molybdenum content than Sample No.
2 of the invention, are generally equal to Sample No. 2.
Sample No. 12 of the invention. higher in chromium content

TABLE 4
JEMPERING AT 5907 C.
RUPTURE TOUGH- 2U CHARPY SURFACE  ROLLING FATIGUE
CORE PORTION NESS VALUE IMPACT VALUE HARDNESS SERVICE LIFE

No HARDNESS HRC MPam*” Ycm? HRC L10 x 10° cycle NOTE

2 39.6 210 230 60.8 104 STEEL OF THE INVENTION

7 46.4 132 85 60.4 105 STEEL OF THE INVENTION

8 48.6 03 65 60.3 103 STEEL OF THE INVENTION

9 40.4 220 320 60.6 105 STEEL OF THE INVENTION
10 46.0 131 85 60.7 05 STEEL OF THE INVENTION
11 40.8 200 250 60.0 110 STEEL OF THE INVENTION
12 46.0 120 210 60.0 100 STEEL OF THE INVENTION
13 41.0 220 290 59.6 99 STEEL OF THE INVENTION
14 43.1 112 70 59.7 100 STEEL OF THE INVENTION
15 39.4 150 105 59.8 100 STEEL OF THE INVENTION
16 39.7 120 100 60.1 101 STEEL OF THE INVENTION
17 41.2 145 08 60.2 107 STEEL OF THE INVENTION
18 40.1 240 250 60.3 100 STEEL. OF THE INVENTION
19 40.0 195 185 59.9 95 STEEL OF THE INVENTION
20 40.1 160 175 60.2 107 STEEL OF THE INVENTION
21 23.6 34 32 60.8 7 COMPARATIVE STEEL
22 44.2 110 124 59.4 o8 COMPARATIVE STEEL

As will be appreciated from this, when the carbon content
is increased. the tempering temperature is made higher as

63

and carbon content but lower in molybdenum content than
Sample No. 2, is increased in hardness of the core portion;
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however, when Sample No. 12 is tempered at 590° C. so as
to adjust the hardness of the core portion to about 46 HRC.,
Sample No. 12 has a high rupture toughness value and a high

Charpy impact value.

This tendency is also seen in Sample No. 13 higher in
chromium content than Sample No. 12.

Sample Nos. 15 and 16, which have generally the same
composition as that of Sample No. 2 except that part or the
whole of molybdenum is replaced by tungsten. have gener-
ally the same toughness as that of Sample No. 2.

Sample No. 17, having cobalt added thereto. is enhanced
in hardness, but is lower in toughness than Sample No. 2.

Sample No. 19. having niobium added thereto, is lower in
toughness than Sample No. 2 of the invention.

A comparison between Sample No. 18 of the invention
higher in nickel content than Sample No. 2 of the invention.
Sample No. 20 lower in nickel content than Sample No. 2,
and Sample No. 21 without nickel indicates that the addition
of nickel markedly increases the rupture toughness value.

In Sample No. 21 without nickel. an extremely large
amount of & ferrite is present in the structure. so that the
hardness of the core portion is below 30 HRC. Thus, this
sample fails to have a sufficient core portion hardness to
serve as a bearing member.

A comparison between Sample No. 2 of the invention and
a comparative sample lower in chromium content than
Sample No. 2 indicates that the comparative sample with the
chromium content of about 3% is much lower in rupture
toughness value and Charpy impact value than the sample of
the invention. This is not desirable.

When the bearing steel of the present invention has the
hardness. for example. of about 44 HRC so as to impart
sufficient strength to the core portion of the bearing member.
the excellent rupture toughness value of not less than 100
MPam'? (maximum value) can be obtained. Namely. in the
present invention, the performance of the bearing member
can be enhanced without the sacrifice of one of the two
properties contrary to each other, that is. the toughness and
the high hardness.

Therefore. the bearing steel of the present invention is

best suited for use as a bearing member of a gas turbine or
the like which is expected to bear a higher load.
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What is claimed is:

1. Martensitic Fe-based bearing steel which is carburized
in use, containing by weight. not more than 0.1 to 0.3%
carbon. not more than 1% silicon. not more than 1%
manganese. 1 to 5% nickel. 3.5 to 7.0% chromium, at least

one of tungsten and molybdenum and tungsten equivalent

defined by ([W]+2[Mo]) of which at least one is 3 to 12%.
and not less than 0.5% but less than 1.0% vanadium, a ratio
of Cv/Ceq being not more than 0.3 where Cv represents a
carbon equivalent of vanadium defined by 0.2(V] and where
Ceq represents a carbon equivalent of carbide-forming ele-
ments defined by (0.063{Cr]+0.06[Mo}+0.033[W]+0.2[ V).

2. Martensitic Fe-based bearing steel according to claim
1, wherein an amount of 9 ferrite occurring at an austenitic
temperature is less than 0.1% by area.

3. Bearing steel according to claim 1, in which part of Fe
is replaced by not more than 10% Co.

4. A bearing member composed of martensitic Fe-based
bearing steel, comprising a carburized layer formed in part
or the whole surface of said bearing member, and a core
portion except said carburized layer. said core portion
contains. by weight. not more than 0.1 to 0.3% carbon, not
more than 1% silicon, not more than 1% manganese. 1 to 5%
nickel, 3.5 to 7.0% chromium, at least one of tungsten and
molybdenum and tungsten equivalent defined by (|W]+2
[Mo]) of which at least one is 3 to 12%. and not less than
0.5% but less than 1.0% vanadium, a ratio of Cv/Ceq being
not more than 0.3 where Cv represents a carbon equivalent
of vanadium defined by 0.2{V]. and where Ceq represents a
carbon equivalent of carbide-forming elements defined by
(0.063[Cr]+0.06[Mo]+0.033[{W]+0.2[V]), said bearing
member being excellent in heat resistance and toughness.

5. A bearing member according to claam 4, wherein an
amount of d ferrite in said core portion is less than 0.1% by
area.

6. A bearing member according to claim 4, in which part
or the whole of Fe contained in said core portion except said
carburized layer is replaced by not more than 10% Co.

7. A bearing member according to claim 4 or claim 6, in
which residual compressive stresses are present in said
carburized layer.
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